The Lamb-shift experiment in muonic hydrogen aims to measure the energy difference between the atomic levels to a precision of 30 ppm. This would allow the proton charge radius to be deduced to a precision of and open a way to check bound-state quantum electrodynamics (QED) to a level of
avalanche photodiodes. The resonance frequency and, hence, the Lamb shift and the proton charge radius determined by measuring the intensity of the X-ray fluorescence as a function of the laser wavelength. The results of the run in December 2003 were negative but, nevertheless, promising. One by-product of the 2003 run was the first observation of the short-lived component in muonic hydrogen. Currently, improvements in the laser-system, the experimental apparatus, and the data acquisition are being implemented. 
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I.Introduction
Values for the charge radius of the proton, the simplest nucleus that does not depend on bound-state quantum electrodynamics (QED), are known only with a surprisingly low precision of about 2%.Recent re-evaluation of all the electron scattering data yields a value of fm. The poor knowledge of the proton charge radius restricts tests of bound-state QED to the precision level of about 6 x although data from Lamb-shift experiments in hydrogen have reached a precision of 2 x
The determination of the proton charge radius with an accuracy of is the main goal of our collaboration.
We aim to measure the Lamb shift in muonic hydrogen Vacuum polarization dominates the Lamb shift, 0.2 and alters the binding energy towards more negative values. The fine and hyperfine structure in muonic hydrogen are an order of magnitude smaller than the Lamb shift. The key motivation for our experiment is found in the nucleus' finite-size contributionto the Lamb shift, originating from a large overlap of the muon's and proton's wave functions(m, This effect is as high as two orders of magnitude larger than in ordinary hydrogen. Combining the Lamb-shift measurement with the precision of hydrogen spectroscopy will ultimately lead to a test of bound-state QED approaching the level of [ 
Experimental setup
The muonic hydrogen Lamb-shift experiment consists of the muon beam the target cavity, the X-ray detectors, the laser system. quenching of the state made it necessary to stop the negative muons low-pressurehydrogen gas at 0. 6 To stop muons gas of such low density, their kinetic energy has to be less 5 A novel low-energy muon beam was, therefore, developed at PSI to decelerate muons produced at MeV energies within the muon lifetime of 2.2 The beam consists of the cyclotron trap (CT) for the production of low-energy muons the muon extraction (MEC) to select the muons, two muon detectors as well as the gas target, both enclosed a 5 T solenoid. Negative pions with a momentum of 102 are injected into the plane of the cyclotron trap aid moderated by passing a degrader. The CT consists of a pair of superconducting ring coils (spaced 40 cm apart) that form a magnetic trap with a magnetic field of 4 T at the coil centers 2 T the medial About 30% of the decelerated pions decay into muons flight, a few of these have suitable to be stored the magnetic bottle. The confined muons are further moderated by repeatedly crossing a 200 thin foil (sputtered with a 3 thick nickel to make it conductive) located at the of the trap they reach of 10-50 At low energies, the repulsive electric field applied to the moderator foil over the muons leave the CT axially. They then enter the muon extraction acting as a momentum filter, which is made up from a toroidal assembly of magnetic coils (magnetic field of 0.15 T). It has a high for muons of 20 energy separates the beam from particles like high-energy muons electrons, as well as neutrons gamma rays. the enter a 5 T solenoid, whose magnetic field keeps the axial dimensions of the muon beam as small as possible. This ensures that the target volume has a minimal radial size to maximize the laser-induced transition probability and the solid-angle for the X-ray detection. Before entering the hydrogen target, the muons pass two transmission detectors where they are decelerated to [3] [4] [5] [6] and their phase space is compressed slightly Two stacks of ultra-thin carbon foils = 4 kept at high voltage release a few electrons when a muon is crossing the foils These electrons are acceleratedin the electric field of the stacks and then separated spatially by an E x B separator field from the much slower muons. The electrons arefinally detected by plasticscintillators and provide the trigger signal for the laser system and the data acquisition. Combined with an anti-coincidence-detector,the transmission detector efficiency is 37%. The entire beam line delivers around 240 detected and usable muons per second.
Having passed the transmission detectors, the muons enter the gas target volume through a 30 thin entrance window. The target volume is filled with 0.6 of gas and has a length of 20 cm along the beam direction. This length is dictated by the stop distribution of the muons in such low-pressure gas. The pencil-shaped muon stop volume is surrounded by two cylindrical high-reflective mirrors, which form a nonresonant multipass cavity, providing an almost homogenous irradiation by the 6 laser light. An energy density of 16.5 is needed to saturate the transition Twenty large-area avalanche photodiodes are mounted above and below the muon stop volume and record the 1.9
2P-1S X-rays in two face-to-face rows of 10 devices at a vertical distance of only 8 mm from the muon beam center. They are cooled down to -30 to achieve an optimal energy resolution and signal-to-noise ratio.
Laser system
The laser system used to produce the 6 radiation is described in this section. Only the muon beam at PSI can deliver a sufficient rate of low-energy This beam, however, is not pulsed, which puts tight constraints on our laser system. To have an event rate as high as possible, the laser has to be triggered by the muons entering the muon stop volume at stochastic times, with a delay time smaller than about 1 (because of the lifetime of 1.3 of the state at the working pressure), and with the shortest possible dead time. Furthermore, the scanning range of the laser has to be from 6.00 to 6.03 due to the uncertainty in the proton radius. To reach the needed energy density of 16.5 inside the target cavity, the 6 laser pulses have to have an energy of at the cavity entrance. The laser bandwidth is required to be small compared to the natural linewidth of 18 of the transition, of the order of 1 Having a reliable system during the beam-time of several weeks is crucial.
The 6 light pulses (0.2 enter the enhancement cavity through a tiny hole = 0.63 mm) in oneof the mirror substrates. As shownin Fig. 1 (lower part), the6 light is convertedfrom 708 nmlight pulses using an efficient and reliable 3rd-Stokes-Raman shifter operated with 14 bar gas The red 708 nm pulses mode, width 6 energy 12 needed for the Raman-scattering process are provided by a titanium sapphire oscillator-amplifier system. The oscillator consists of a 7 cm short wavelength-selective cavity and emits 1.2 pulses at 708 nm. The wavelength tunability and bandwidth of the oscillator, and, therefore, of the subsequent amplifier and 6 light, are controlled by a single-mode laser stabilized on an external calibrated Fabry-Perot cavity. The measured frequency chirp in the oscillator is about MHz and is confirmed by theoretical models.
Both, the oscillator and multipass amplifier are pumped with green pulses of around 40 energy. During the last measuring run in 2003, the whole laser system was pumped by two high-power excimer lasers delivering an energy per pulse of 350 each. Each excirner laser was pumping a two-stage multimode dye laser that converted the 308 nm excimer laser pulses to green light pulses at 540 nm. It turned out that the 1.2 delay time of the excimer lasers between the electrical trigger and the light pulse was too large. Since the laser was stochastically triggered, the dead time between two consecutive pulses had to be set to 14 ms to avoid energy fluctuations. With a muon trigger rate of meter 1. Schematic view of the new laser system to be used in 2007. The main components are a pulsed thin-disc laser system, a tunable cw laser, a pulsed oscillator-amplifier laser, a cell, and a 6 mirror cavity with its diagnostic system. iodine absorption cell, water absorption cell, piezo transducer, Isolator. + Therefore, the old pumping stage is currently replaced by a new thin-disc laser. Figure 1 shows a scheme of the whole laser system including the new thin-disc laser.
Thin-disk laser
Thin-disc lasers avoid the problem of thermal lensing and destroying the laser crystal by using a very thin (200 gain medium (Ytterbium-YAG), which is cooled axially to obtain a flat-top refractive index profile (Fig. The disc-laser pumping unit is set up as a master oscillator, power amplifier(MOPA) device. While the amplifierfollows a common multipass configuration adapted to the disc-lasergeometry, the oscillator is Q-switched using a Pockels cell (Fig. 2b) . It delivers 10 pulses at 1030 nm at a repetition rate of 400 Hz with a beam-quality factor = 1.2 and an internal delay of only 300 ns. Such a short delay is achieved by operating the oscillator in a cw-prelasing mode. When triggered, the cavity is closed, causing a fast pulse build-up. After a short time, the cavity is opened 2. Principle of the new thin-disc laser developed for the Lamb-shift experiment. (a) The thin laser crystal has a highly reflective coating at the back side, which is soldered onto a copper heat-sink. It is cooled axially from the back to avoid thermal lensing and acts as a mirror for the laser cavity. The pump beam is redirected onto the crystal several times using folding mirrors (not shown) to absorb enough pump power. (b) In the oscillator, the Pockels cell (PC) and the quarter-wave plate rotate the polarization such that the thin film polarizer (slightly) reflects or transmits the circulating light to form a prelasing, a build-up, or an open cavity, respectively. 
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Results from the 2003 run
Using the experimental setup including the mentioned excimer-dye pumping laser stage (described in more detail in ref.
the data presented in this section were obtained. During three weeks of measurement at PSI, more than X-rays from K-Line transitions Kg, and at 1.895, 2.246, and 2.44 respectively) were recorded at 0.6 (T = 290 K). Due to its dead time, the laser was fired for only of the detected muons. To determine the background with optimum statistics, additional events were recorded between laser shots. For one LAAPD, the X-ray energy spectrumof allrecordedX-rays is shown in Fig. The relativeintensitiesof the K-lines, corrected for the energy-dependent detector efficiency, correspond to previous measurements
The time spectrum of all good data taken ( Fig. 3b reveals a prompt peak at t = which originates from the majority of the atoms that do not form metastable atoms. Instead, they de-excite to the ground state, thereby emitting a muonic K-line X-ray. The delayed background seen in Fig. 3b ) can be mainly attributed to muonic carbon X-rays: atoms hitting the target walls transfering the muon to the carbon resulting in 5 and 14 X-rays that can show up as small signals in It shows the measured 2 X-ray time spectrum. Its fit function contains four components. The first component (1) comes from muon transfer to carbon. This can happen when a atom hits the polypropylene foils in front of the LAAPDs. The muon is then transferred to form which de-excites emitting X-rays of 4.9 energy. These can show up as 2 background. Another component (2) comes from falsely identified muon-decay electrons imitating a laser-induced good event.
When a muon was detected, it triggered the laser and the data acquisition, and opened an event gate in which X-ray events were recorded. During the open event gate, a second muon could enter the target volume at random times, form a atom emitting a 2 X-ray, and be misinterpreted as an X-ray event belonging to the first muon. This process caused the flat background component (3). The fourth component (4) of 2 X-ray events comes from atoms, which have enough kinetic energy after the muonic cascade to be radiatively quenched to the ground state, thereby emitting a 2 X-ray. 
Time
Although no resonance line was found during the run in 2003, the contributions to the background were well analyzed to be able to be addressed for future improvements.
Conclusion
During the 2003 run, the signal-to-background ratio was of the order of one, and the event rate was only 0.5
For these reasons, a clearly distinguishable resonance line could not be discovered. This can be seen in Fig. 6 , a plot of 16 Monte simulated examples with the parameters found during the 2003 experiment. In more than half of the spectra, the resonance line is well hidden below the background. Several measures are being taken while preparing for the 2007 run to detect a resonance line. As mentioned in Sect. 3, a considerable improvement stems from the shorter delay of the laser system, reduced from 1.2 to 300 ns. Furthermore,in the had to be shielded by thin Li-foils from a-particles emitted from a radioactive targetcavity coating.These foils absorbed thea-particles but also 50% of the signal A new nonradioactive coating will make the Li-foils obsolete. In addition, avoiding the muon transfer to carbon in the polypropylene foils will reduce the background significantly. This will be achieved by placing a thin gold layer onto the polypropylene foils, producing instead of Because of the strongly reduced muon lifetime in gold = 73 ns) the X-rays and Auger electrons emitted during the cascade do not show up as signal events in the laser time window. Using values expected from the current improvements, a signal rate of 10 events per hour, a signal-to-background ratio of 3, and a measuring time of 2 h at each data point were assumed. In all spectra, a resonance centered on zero frequency is clearly visible.
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